The cause of a fatal condition characterized by hemorrhagic cardiomyopathy, hemothorax, and coagulation defects in hysterectomy-derived male mice was investigated. Microscopic heart alterations included multifocal hemorrhage and necrosis with variable degrees of acute inflammation and fibroplasia that were most severe in the region of the atrioventricular junction. A spontaneous outbreak was arrested by increasing menadione Na-bisulfite (vitamin K) in the feed to 20 ppm. The complete syndrome including hemorrhagic cardiomyopathy was readily reproduced in germ-free male mice given a vitamin K-free diet, and in conventional male and female mice given Warfarin in the diet. We concluded that the cause of this condition was vitamin K deficiency.
INTRODUCTION
&dquo;Myocarditis&dquo; accompanied by hemothorax was first described as an epizootic disease of mice in 1943 by Angevine and Furth at the University of Wisconsin (2) . Over a period of 3 yr, 107 male mice died with heart lesions which, according to the authors, resulted in rupture of the heart wall and exsanguination into the chest cavity (hemothorax). Testicular hemorrhage was also found in many of the affected mice. The cause of the disease was never determined, though extensive effort ruled out an infectious cause. Three additional reports describing a similar spontaneous disease in mice have been published since then (11, 17, 22) . In each of the 3 spontaneous outbreaks, the key findings were hemorrhage (especially hemothorax), coagulation defects, and cardiac lesions. In 1 of these outbreaks, over 1,000 mice (primarily male), of several strains, in multiple animal rooms, died (22) . The major histopathologic finding in the latter study was extensive myocardial necrosis and fibrosis with acute and subacute inflammation.
A variety of factors have been suspected of causing or contributing to the outbreaks, including infectious agents and hormonal alterations (2) , ethylene glycol contamination of cage bedding (22) , vitamin K deficiency secondary to altered intestinal microflora (11) , and increased dietary lipoperoxides possibly complicated by vitamin K and/or E deficiency (17) . In 1 outbreak, treatment with menadione sodium bisulfite (vitamin K) decreased mortality (11) . Efforts to experimentally reproduce the disease with vitamin K or vitamin E deficient diets were unsuccessful (8, 22 ), yet a combined deficiency of vitamins K and E resulted in similar cardiac lesions and hemorrhage (8) .
Anecdotal information received during the past few years indicates that sporadic outbreaks of this disease continue to occur even though vitamin E status is within normal limits. This suggests that vitamin K deficiency alone may result in cardiomyopathy and hemothorax in mice, though there are no published data to confirm this. The purpose of this report is to present findings from studies designed to investigate the role of vitamin K in this disease. These data were collected in connection with spontaneous outbreaks of hemothorax and hemorrhagic cardiomyopathy, and controlled studies at the NIH beginning in z 71. 
MATERIALS AND METHODS
Studies were conducted in 3 phases. The first study investigated a spontaneous outbreak of hemorrhagic cardiomyopathy in germ-free male mice. The second study investigated the effect of dietary vitamin K deficiency on germ-free mice. The third study investigated the effect of a systemically acting vitamin K antagonist (Warfarin) on conventionally raised mice. All studies were performed in accordance with recognized standards for humane animal care.
Colony Derivation
The NIH Genetic Resource colonies at any given time contained 35-40 mouse strains, stocks, and hybrids. Conversion from conventional housing to &dquo;barrier-maintained facilities&dquo; was begun in 1971. Offspring of each strain and stock were hysterectomy-derived into germ-free isolators, foster nursed to weanling age, and transferred to &dquo;barrier rooms.&dquo; These rooms had operational and design features which acted as barriers to the introduction of infectious pathogens. The mice were deliberately exposed to 4 bacteria (2 Lactobacillus spp., 1 Bacteroides sp., and Enterococcus fecalis) before being transferred from the isolators to the barrier rooms. The cages in the barrier were polycarbonate shoebox type with filter bonnets. The rooms received filtered air (FG 50 Filter Media, Standard Safety Equip. Co., Palatine, IL) and cages and ancillary equipment were autoclaved prior to being introduced across the barrier. Personnel were required to shower prior to crossing the barrier and to wear sterile disposable garments, face masks, and gloves.
Approximately 800 breeding pairs of mice were maintained in 3 barrier rooms [120 N:GP(S), 120 N:NIH(S), and an average of 14 pairs each of 40 inbred strains]. Offspring from these barrier-maintained animals were continuously transferred to a large non-barrier production colony where they were used as breeders to expand the numbers of animals to be used in research.
Diets
Mice held in germ-free isolators were fed the &dquo;Lo-bund&dquo; autoclavable diet (29) , which, for purposes of this paper, is called Diet 1. Mice maintained in the barrier rooms were given an autoclavable natural ingredient diet, called Diet 2. Both diets were supplemented with vitamin pre-mixes. The 
Health Monitoring
Routine microbiologic monitoring was performed monthly by serologic testing for viral antibodies and weekly by bacteriologic examination of feces and water (28) . Gross and microscopic examinations were performed on all moribund and dead mice unless they were decomposed. Tissues were fixed in 10% formalin, processed to paraffin, sectioned at 6 Am and stained with hematoxylin and eosin (H&E). Selected tissues were stained with the Warthin-Starry, Gram, and periodic acid schiff stains.
Vitamin K Free Diet Study
Groups of 5-18 N:NIH(S) germ-free mice 4-14 months of age were given autoclaved Diet 2 containing 20 ppm menadione sodium bisulfite while they were being acclimated (in isolators) and the sterility of the isolators was being confirmed (a 1-2-month-period) (Table I) . To assess the effects of vitamin K deficiency, the mice were changed to a commercially available Vitamin K-free diet (Nutritional Biochemical Corp.; now ICN Biochemicals, Inc., Cleveland, OH). This non-pelleted diet was autoclaved in shallow pans at 121 °C for 30 min at 16 lb pressure. A total of 22 male and 22 female mice were studied. Parameters evaluated included mortality, gross lesions, and histomorphology.
Warfarin Study
Warfarin was administered in the feed to 40 male and 40 female N:NIH(S) mice that had been maintained in a conventional environment (Table II) . Warfarin was thoroughly mixed with Diet 2 at 3 levels: 12.5, 25.0, and 50.0 mg/kg. This gave an approximate daily dose of 2, 5, or 10 mg Warfarin/ kg body weight (for mice weighing 25 grams and consuming 4-5 grams of food per day). Male mice were housed singly and females 10 per cage in shoebox cages. The same parameters were evaluated as in the vitamin K-free diet study.
Blood Coagulation Studies
Whole blood clotting time (CT) was determined by the capillary tube method (11) . Prothrombin time (PT) was determined by the method of Quick (31) .
RESULTS

NIH Outbreak
Mortality attributable to hemorrhagic diathesis was first noticed in the NIH mouse colony in October 1971, several weeks after the N:GP(S) mice were moved from gnotobiotic confinement (isolators) to the barrier facility and changed from Diet 1 to Diet 2. Deaths were predominantly in 8-16- week-old males, 36 of which died by the end of December 1971. Necropsies were performed on 16 mice that were not decomposed or cannibalized. Severe hemorrhage was evident in one or more tissues in each mouse. Myocardial hemorrhage was evident in most, and in many of these, the chest cavity was filled with unclotted blood. Other less frequent hemorrhages were in the abdominal cavity, subcutis, testicles, intestines, and brain. Signs of illness, when noted, usually occurred less than 12 hr before death and included especially hunched posture and labored breathing. Clotting times performed on 4 moribund mice were greater than 90 min for 3 and 81/2 min for 1, as compared to 1.5-4 min for non-barrier mice. Blood in the chest cavity of mice with hemothorax failed to clot during observation periods of up to 2 hr.
In February of 1972, deaths associated with hemothorax began to occur in the other strains of mice. Total mortality and mortality associated with hemothorax was then tracked in the colony through December 1975 ( Fig. 1 ). Virtually all strains were affected, with heaviest losses in BRSUNT/N, CBA/ N, C3HFB/HeN, C3H/HeN-MTV-, STR/N, and R11 llAnN. Unaffected strains were FVB/N, NZW/ N, RFM/UuN, and C57BL/KaLwn. As in the N:GP(S) mice, only males beyond the age of about 8 weeks were affected. Deaths due to hemothorax occurred almost continuously at a relatively low level (0-18 cases/month) until April of 1974. At that time (April through July), a major peak of mortality occurred in which 222 mice died with hemothorax.
In mid-June 1974, the commercial feed supplier was instructed to modify the diet by increasing menadione sodium bisulfite from 11 ppm to 20 ppm. Within 3 weeks after the modified diet was received in July, hemothorax ceased to occur. Five months later, in January of 1975, another outbreak occurred. Two to 10 losses per month were recorded over a 9-month period. In April (during the outbreak), 2 samples of feed were submitted to the WARF Institute (Madison, WI) to be analyzed for vitamins K, A, and E, Warfarin, sulfonamides, chlorotetracycline, aflatoxins, and ocratoxins. One of the samples was autoclaved in the same manner as feeds introduced into the barrier. The autoclaved sample of feed contained no detectable vitamin K and the non-autoclaved sample contained less than 6 ppm. Levels for other components were within acceptable ranges. The feed supplier was notified of the vitamin K deficiency in August and steps were taken to assure 20 ppm menadione supplementation. After September 1975, hemothorax was no longer observed.
Assuming the population of animals in the colonies to be roughly 800 males and 800 females at any given time, mortality due to hemothorax in males varied from 0-2.3%/month during smoldering periods of disease. During May and June of 1974, the mortality was 13 and 9%, respectively. Including all forms of fatal hemorrhagic diathesis during those peak months, the mortality was 15 and 12%. Hemorrhagic diathesis was not found in females, with the exception of intrauterine hemorrhage occurring in one gravid female in May of 1974.
Histopathologic findings were similar in all mouse strains (Fig. 2 ). The principle lesions were in the myocardium and consisted of multifocal hemorrhage and necrosis with varying degrees of acute inflammation and fibroplasia. The lesions were widely distributed, involving all chambers; however, the most frequent and extensive lesions involved the atrioventricular (A~ junction. Tissue destruction in the base of the atria was usually advanced. In some animals, a striking lesion was the interstitial accumulation of polymorphonuclear leukocytes. Another common finding was severe subepicardial and/or subendocardial hemorrhage involving both atria and ventricles. Hemorrhage into mediastinal connective tissues was evident in some animals. Hemorrhage in organs such as the brain, lung, and skin was not associated with inflammation or necrosis. Centrilobular necrosis was noted in livers of some mice and was considered indicative of passive congestion and ischemia. Warthin-Starry silver and Gram stains failed to reveal bacteria associated with the lesions. Serologic testing for murine viruses and bacteriologic culture of feces, water, and lesions revealed no evidence of infectious diseases. The number of species of intestinal microflora remained very limited during the period of the hemothorax outbreaks.
Demonstrable bacteria included the 4 bacteria used to normalize the intestines and a few acquired ones, such as Staphylococcus epidermidis, Klebsiella sp., Pasteurella pneumotropica, and Clostridia sp. (28) .
Vitamin K Free Diet Study
Nineteen of 22 male germ-free mice died of hemorrhagic disease 5-41 days after being started on a vitamin K-free diet (Table I) . At necropsy, 15 had myocardial hemorrhage. Nine of these had hemothorax and 1 had severe intestinal hemorrhage. One mouse died with cerebral hemorrhage. Pallor of the organs, especially the liver, was noticeable in mice that underwent exsanguination into the thoracic cavity or intestine. Twenty-two female mice held in the isolators with the males and fed the same diet were unaffected. Histologic alterations were indistinguishable from those noted during the spontaneous outbreak. The predominant alteration was hemorrhagic cardiomyopathy characterized by hemorrhage, necrosis, inflammation, edema, and fibroplasia (Figs. 3 
and 5).
A similar study comprised of 10 males and 10 females was halted on the eighth day after 4 males died of hemothorax. The remaining mice were anesthetized with ether for determination of blood clotting and prothrombin time. The clotting and prothrombin times were prolonged in the males and within normal range in the females.
Warfarin Study
In contrast to the vitamin K deficient diet studies, mice of both sexes died of hemorrhagic diathesis when given Warfarin in the diet (Table II) . Similar to the Vitamin K deficiency results, myocardial hemorrhage and hemothorax were the predominant lesions observed at necropsy. Combining the results of the 3 groups given different dosages of Warfarin, males had a moderately higher incidence of myocardial hemorrhage (68%) than females (43%). Also, hemothorax occurred in 45% of males and 35% of females. Offsetting this was a much higher incidence of hepatic hemorrhages in females (60%) as compared to males (2.5%). The hepatic hemorrhages usually were multifocal, 2-5 mm in diameter, and occasionally appeared to be severe enough to cause death. The average survival time for mice given 2, 5, and 10 mg Warfarin/kg body weight per day was 15, 10, and 7 days, respectively.
Histologically, the predominant lesion was hemorrhagic cardiomyopathy, indistinguishable from that noted in the vitamin K-free diet study or the spontaneous outbreak in the NIH mouse colonies (Fig. 4 ). Hemorrhages at extrathoracic sites lacked the necrotic and inflammatory components of the lesions found in the heart. Hemorrhages in the liver usually appeared as pools of blood compressing the surrounding parenchyma. Centrilobular ischemic degeneration was occasionally evident in the liver. Perivascular hemorrhages occurred in various locations in the brain.
DISCUSSION
The disease outbreak in the NIH mouse colonies was very similar to several previously described epizootics (2, 11, 17, 22) . Similarities included hemorrhage (especially hemothorax), multifocal myo-cardial hemorrhage and necrosis, and coagulation defects in sexually mature male mice of multiple strains. As in an outbreak at the Argonne National Laboratory (11) , mortality began at NIH soon after the mouse colonies had undergone hysterectomy derivation, suggesting an association with reduced species of bacteria comprising the intestinal microflora.
The descriptions of the heart alterations in previous outbreaks were also remarkably similar to those observed in the studies reported here. These similarities included multifocal hemorrhage, necrosis, edema, and variable degrees of acute inflammation and fibroplasia concentrated at the AV junction. We described the heart alterations as hemorrhagic cardiomyopathy rather than &dquo;myocar-ditis&dquo; (as done in previous reports) because the disorder affects primarily the heart muscle by producing myofiber degeneration, necrosis, and hemorrhage. Inflammation was interpreted to be secondary to the extensive myocardial injury and there was no evidence that the alterations were infectious in origin.
The findings of spontaneous hemorrhage and coagulation defects in affected mice suggested vitamin K deficiency was involved in the pathogenesis of this disease. This was supported by knowledge that the mice had limited species of intestinal bacteria (possibly limiting the benefit of coprophagy as a natural source of vitamin K), knowledge that the diet was autoclaved (degrading much of the vitamin K added to it), and knowledge that the disease was arrested by increasing dietary vitamin K supplementation.
Results of the bacteriologic monitoring (28) indicated that possibly no vitamin K-producing bacteria were present in the mice during the outbreak. The only likely candidate was Staphylococcus epidermidis, the vitamin K content of which has not been reported. S. aureus and S. albus have been shown to produce small to moderate amounts of vitamin K (1, 14) . Published evidence suggests, however, that S. albus propagated anaerobically (as might occur in the intestine) does not produce vitamin K (6) . This may be the case for other staphylococci. It has been shown in experimentally induced vitamin K deficiency in germ-free rats that a single strain of vitamin K-producing bacteria may reverse the effects of the diet (13) .
Results of the present studies demonstrated that hemorrhagic cardiomyopathy could be reproduced in mice with vitamin K deficiency alone. This conclusion was supported by diet analysis indicating that only vitamin K was deficient, by reproduction of similar heart alterations in germ-free mice given a vitamin K deficient diet, and by reproduction of similar heart alterations in conventionally raised mice given a systemically acting vitamin K antagonist (Warfarin). In a single report in 1952, similar heart alterations were reported in rats given dicoumarin and its derivatives, such as Warfarin (10). In addition, 1 previous study has shown that vitamin K deficiency was involved in the pathogenesis of similar heart alterations in mice, though a combined vitamin K and E deficiency was required (8) .
Vitamin K deficiency is uncommon in conventionally raised (non-germ-free) mice because they can usually derive all required vitamin K from the ingestion of their feces (coprophagy). This explains why the deficiency is so infrequently seen or reported in mice or other rodents. Conventionally raised mice may require supplemental vitamin K if the vitamin K-producing bacteria are killed, reduced in number, or if their vitamin K production ability is blocked (7, 15, 30) ; if the mice do not practice coprophagy (feces not palatable) (3); or if the ingested vitamin K is not absorbed due to arrested bile flow into the intestine (12) or because of partitioning of the vitamin K into non-absorbable lipoid material such as mineral oil (20) . In addition, high levels of vitamin A ( 16, 1 g, 23, 34), vitamin E, and oxidized fats in the diet have been shown to increase the vitamin K requirement of rats (9) . It is reasonable to assume the same would be true for mice. Diets deficient in vitamin K (irradiated beef and some purified diets) can result in vitamin K deficiency disease in conventionally raised rats (5, 24, 26, 32, 33) but only if the diet leads to low fecal consumption (18) .
Male mice were affected more than females in spontaneous outbreaks, suggesting that males have a greater requirement for vitamin K than females. Controlled feeding studies in sexually intact rats have shown the same sex difference (27) . Other studies have shown effects of sex hormones on vitamin K deficiency in rats by studying both intact and castrated male and female rats (21, 25) . The onset of vitamin K deficiency was enhanced in the castrated female and retarded in the castrated male. Both castrated male and female rats developed vitamin K deficiency to the same extract.
Vitamin K participates in the activation of prothrombin. As part of this action, vitamin K is oxidized to its 2-3 epoxide. The subsequent action by vitamin K epoxidase recycles the vitamin K to its active form. In rats, the activity of vitamin K epoxidase was found to be inversely related to the degree of vitamin K deficiency (21 ) . In other words, activity of the enzyme was highest when prothrombin levels in plasma were lowest. A hypothesis was made that prothrombin was formed more rapidly and at a lower effective concentration of vitamin K in female or estrogen-treated rats, suggesting that estrogen may induce epoxidase activity. This induction phenomenon may contribute to the resistance of female rats to vitamin K deficiency and explain why male rats (and perhaps male mice) are more susceptible to vitamin K deficiency. Involvement of vitamin K deficiency in previously reported outbreaks of hemothorax and hemorrhagic cardiomyopathy seems clear, though the cause of the deficiency in each case could not be determined retrospectively. Ironically, the first description of epizootic hemothorax was at the University of Wisconsin where dicoumarin was discovered and related compounds including Warfarin were developed in the late 1940s (10) . It is unlikely that such compounds were involved in that outbreak since only male mice were affected. In addition, the possibility of sulfonamide involvement was considered unlikely since its use in commercial feeds was not extensive until the 1950s (4) . Other causes of vitamin K deficiency, such as high levels of vitamins A and/or E in the diet, were not ruled out as contributing to that outbreak.
